The Epstein-Barr virus (EBV) is carried by more than 90% of the adult world population and has been implicated in several human malignancies. Its ability to induce unlimited in vitro proliferation of B cells is frequently used to generate lymphoblastoid cell lines (LCLs). In this study, we have investigated the evolution of two LCLs up to 25 weeks after EBV infection. LCLs were karyotyped once a month by spectral karyotyping (SKY). LCLs but not mitogen-activated B cells showed evidence of DNA damage and DNA damage response within the first 2 weeks. After 4 weeks, the former, but not the latter, showed a high level of non-clonal structural aberrations, mainly deletions, fragments, dicentric chromosomes and unbalanced translocations. Genomic instability decreased thereafter over time. Nonrandom aneuploidy 12 weeks after infection showed clonal evolution in culture. After 25 weeks post-infection, most cells exhibited karyotypic stability. Chromosomal aberrations were compatible with telomere dysfunction, although in the absence of telomere shortening. The telomere capping protein TRF2 was partially displaced from telomeres in EBV-infected cells, suggesting an EBVmediated uncapping problem. In conclusion, this study suggests that DNA damage and telomere dysfunction contribute to EBV-related chromosomal instability in early LCLs.
Introduction
More than 90% of the adult world population carry the Epstein-Barr virus (EBV) as an asymptomatic infection.
The primary infection is mainly asymptomatic when occurring in childhood and may generate a benign lymphoproliferative disorder known as infectious mononucleosis, when the infection is delayed until adolescence Niederman et al., 1968; Joncas et al., 1974; Henle and Henle, 1979) . However, this virus has been associated with several human malignancies, including Burkitt's lymphoma (BL), Hodgkin's disease and nasopharyngeal carcinoma (Henle et al., 1966; Gunven et al., 1970; Henle and Henle, 1973a, b) . Moreover, EBV is implicated in disorders related to immunodeficiency, such as post-transplantation lymphoproliferative disorders and AIDS-related lymphomas (Purtilo, 1980; Ciobanu and Wiernik, 1986; Rooney et al., 1986; Thomas and Crawford, 1989) .
The different stages of EBV infection, as well as the contribution of the different viral genes and proteins in cellular infection and the long-term persistence of the virus in healthy carriers, have been extensively studied (Gordon et al., 1986; Rowe et al., 1986 Rowe et al., , 1987 Rowe et al., , 1989 Rickinson et al., 1987; Wang et al., 1987; Young and Murray, 2003) . The contribution of the immune system of the host to maintaining a nonpathogenic equilibrium in the virally induced blastic proliferation is clear during the primary viral infection, and seems further supported by the contribution of severe immunosuppression in EBV-related immunoblastomas (Thorley-Lawson, 2001; Dolcetti and Masucci, 2003; Thorley-Lawson and Gross, 2004) .
in vitro, EBV can transform human B cells into lymphoblastoid cell lines (LCLs), and this ability is commonly used to establish cell lines with genetic backgrounds of interest (Nilsson, 1992) . B cells infected in vitro proliferate continuously and express all the socalled EBV latent genes. The expression of all latent genes is commonly called 'growth program' or 'latency III program' (Rowe et al., 1992) . This program seems to be the one most frequently expressed in vivo during the acute phase of infectious mononucleosis or in immunodeficient patients (Thomas et al., 1990; Hopwood et al., 2002; Dolcetti and Masucci, 2003) . Other phases of the EBV cycle are associated with more restricted patterns of viral gene expression, as are most of the EBV-related tumors: BL cells express only Epstein-Barr virus nuclear antigen 1 (EBNA1) (latency I) , whereas EBV-positive Hodgkin's lymphoma usually expresses EBNA1, latent membrane proteins 1 and 2 (LMP1 and LMP2) (latency II) (Pallesen et al., 1991; Young et al., 1991) .
Several studies investigating the fate of B cells after EBV infection in vitro have challenged the common notion of LCLs being simply normal immortalized B cells. In fact, most LCLs are mortal and stop growing after some time in culture (100-160 population doublings (PDs), that is, 1-2 years in culture) (Counter et al., 1994; Kataoka et al., 1997; Tahara et al., 1997; Sugimoto et al., 1999) . At this stage, they enter a 'crisis' stage in which LCLs were shown to have karyotypic aberrations such as dicentric chromosomes, which are consistent with the existence of critically short telomeres in these cells (Counter et al., 1994) . If the crisis is overcome, it is accompanied by the occurrence of strong telomerase activity, and this seems to correspond to immortalization of the cell line (Counter et al., 1994; Kataoka et al., 1997; Tahara et al., 1997; Sugimoto et al., 1999) . However, a strong telomerase activity does not guarantee the immortalization of a given cell line . Precrisis LCLs are consistently described as having normal diploid karyotypes, but postcrisis LCLs have been shown to have clonal chromosomal aberrations, although no specific aberration was consistently found in different cell lines, and it is unclear whether such changes have contributed to the immortalization per se (Nilsson, 1992; Okubo et al., 2001) .
Lymphoblastoid cell lines are widely used as experimental material, and the tumorigenic potential of these cells has been investigated. Early LCLs seem to have a poor ability to grow in soft agar or to generate tumors in nude mice (Diehl et al., 1977; Nilsson et al., 1977; Walter et al., 1992) , but LCLs that have acquired chromosomal abnormalities after several years in culture seem to be able to do so (Nilsson et al., 1977) : Only immortalized postcrisis LCLs had the ability to grow in nude mice. On the other hand, early passage LCLs or peripheral blood lymphocytes obtained from EBV-positive blood donors have been shown to induce lymphoproliferative disease in mice with severe combined immunodeficiency, without needing any extra event in vivo (Okano et al., 1990; Rowe et al., 1991; Walter et al., 1992) . These data generated a better understanding of the proliferation of EBV-infected cells in vivo, but do not explain how this virus contributes to immunoblastomas in immunodeficient patients.
Epstein-Barr virus carriage in different BL cell lines has been associated with a higher spontaneous level of double-strand breaks (DSBs) and with an increase in nontransmissible structural aberrations such as dicentric chromosomes, chromosome fragments and chromatid gaps (Kamranvar et al., 2007) . These structural aberrations have been specifically associated with EBNA1, and seem to be caused by an increase in reactive oxygen species (Gruhne et al., 2009) . Oxidative stress associated with the EBV has been observed in both BL cell lines (Cerimele et al., 2005; Belfiore et al., 2007; Gruhne et al., 2009 ) and freshly infected B cells (Cerimele et al., 2005) .
In this study, we sought to determine whether the EBV generates genomic instability in freshly ex vivo infected B cells, whether a DNA damage response was elicited and whether telomere function had been altered in these cells. EBV infection-mediated genomic instability in B cells S Lacoste et al 
Results
Karyotype of EBV-infected cells B cells from two healthy blood donors were infected with the EBV and kept in culture for 4 weeks. As controls for proliferation without EBV, B cells of three healthy donors were grown for the same duration on a layer of g-irradiated mouse fibroblast feeder cells overexpressing CD40L in the presence of interleukin-4 (O' Nions and Allday, 2004) . EBV-infected B cells and mitogen-activated B cells were karyotyped by spectral karyotyping (SKY) after 4 weeks in culture. Table 1 shows the karyotypes of 20 metaphases for each culture. Aneuploidy and occasional hypotetraploidy were observed in both EBV-and mitogen-activated cells, indicating that these changes were not associated with EBV infection. However, for both series of EBVinfected cells, 6 of 20 metaphases showed structural aberrations, none of which were found in mitogenactivated B cells (0/20 metaphases) (P ¼ 0.0011 in both cases using the w 2 test, comparing the number of metaphases with 0 vs X1 structural aberrations). No clonal aberration was observed, but the type of structural aberrations was similar in both EBV-infected cultures: deletions or fragments of chromosomes, dicentric or Robertsonian chromosomes, unbalanced translocations and chromatid gaps. The spectral karyotype of representative metaphases of the first culture ( Figure 1a ) and the second (Figure 1b ) culture of EBV-infected cells is shown.
Telomere dysfunction and DNA damage in EBV-infected cells Many of the structural chromosomal aberrations, including sister chromatid fusion, and the generation of interstitial telomere signals, terminal deletions and unbalanced translocations that were observed in EBVinfected cells after 4 weeks in culture, result from telomere dysfunction and subsequent bridge-breakagefusion cycles. To investigate the status of telomeres in the metaphases of EBV-infected and mitogen-activated B cells, fluorescent in situ hybridization (FISH) with a telomere-specific peptide nuclei acid (PNA) probe was carried out. Most metaphases of EBV-infected, but not of controls (>90 metaphases were imaged in each case), showed at least one aberration regarding their telomeres. Figure 2a shows telomeric fusions between chromosomes; yet, telomere fusions between sister chromatids were more frequent ( Figure 2b 
Evolution of telomere size after EBV infection
One common cause of telomere dysfunction is telomere shortening, resulting in critically short telomeres unable to protect chromosomes from fusions (Aubert and Lansdorp, 2008) . Moreover, oxidative stress seems to favor telomere shortening in human cells (Oexle and Zwirner, 1997) . Therefore, the evolution of telomere sizes during the 4-week period after EBV infection or following mitogen activation was determined by threedimensional (3D) quantitative-FISH (Q-FISH) in interphase nuclei using a Cy3-labeled telomere PNA probe 
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S Lacoste et al (see Materials and methods). Interphase Q-FISH was chosen over metaphase analysis to allow for a population-based examination of telomere length over time, which is not achieved when studying a fraction of the cell population in metaphase. To this end, 3D imaging and quantitative analysis of telomeric signals by TeloView was carried out as previously described . The evolution of telomeric signals is shown in 30 individual EBV-infected (Figures 4a and b) or mitogen-activated B cells over time (Figure 4c ). In both series of EBV-infected cells, the average signal intensity became significantly lower after 3 ( Figure 4a ) and 14 days ( Figure 4b ). On the other hand, telomere signal intensities remained remarkably stable for mitogenactivated B cells (Figure 4c ). However, the decrease in average signal intensity in EBV-infected cells is not likely because of the shortening of telomeric sequences. In fact, the overall sum of telomeric sequences per cell was stable for all EBV-infected cells during this observation period (Figures 4a and b) . However, the number of detected signals increased with time (Po0.0001 after 3 days and P ¼ 0.0014 after 7 days, for series 1 and 2, respectively). As a result, the observed evolution of average size (average intensity ¼ total We conclude that (i) the evolution of telomeric sequences in EBV-infected and mitogen-induced cells is different; (ii) there is no clear indication of telomere shortening during the weeks preceding the detection of chromosomal aberrations in EBV-infected cells; and (iii) telomere shortening cannot account for the type of telomere dysfunction found in early EBV-infected cells.
TRF2 displacement in EBV-infected cells
Another common source of telomere dysfunction is telomere uncapping where telomeres cease to be efficiently protected by the shelterin complex (de Lange, 2005) , leading to telomere fusions. One cause of uncapping is the absence of TRF2, a key component of the shelterin complex, from the telomeres (van Steensel et al., 1998; Konishi and de Lange, 2008) . To determine whether telomeres became uncapped after EBV infection, we co-stained TRF2 by fluorescent Figure 5 , white arrows), indicating that the uncapping of telomeres may contribute to the telomere dysfunction observed ( Figure 1 and Table 1 ). Detailed analyses indicated that 75% of the EBV-infected cells showed some degree of TRF2 displacement from at least one telomeric end. Overall, 25% of the cells showed TRF2 displacement affecting >30% of their telomeres.
Long-term evolution of EBV-infected cells Mitogen-activated B cells stopped growing after 5 weeks in culture, whereas EBV-infected cells continued to proliferate, forming LCLs. Cells were kept in culture for up to 6 months and karyotyped every month during that period (Table 2) . For both LCLs, the highest proportion of cells with structural aberrations was observed at 4 weeks post-infection. Moreover, the level of structural aberrations decreased linearly with time, as measured by the Mantel-Haenszel w 2 test (P ¼ 0.0422 and P ¼ 0.0083 for LCL1 and LCL2, respectively).
Interestingly, some nonrandom changes implicating sex chromosomes were observed, suggesting clonal evolution during the course of the cultures. An X, ÀX clone became clearly predominant after 12 weeks in the LCL1 culture. Similarly, in the LCL2 culture, an X, þ X, ÀY clone dominated after 8 weeks, which is to be replaced later by a karyotypically stable XY clone. This later event suggests that, after 12 weeks in culture, the XY cells represent in fact a selected clone. We conclude that both LCLs initially showed a high level of genomic instability that decreased with time. This evolution was paralleled by clonal evolution, leading to the selection of a single clone 3 months after EBV infection.
We followed the telomere length of both LCLs by Q-FISH up to 6 months ( Figure 6 ). Between weeks 8 and 12, a very significant increase in total telomeric sequences was observed in the LCL1 culture that equalled the average telomere size of day 0 (Po0.0001; Figure 6a ). This new state of telomere length was maintained up to week 21. It is worth noting that this increase in telomere size was correlated with the selection of the X, ÀX clone in the LCL1 culture after 12 weeks. However, this was only a transitory state, as there was a massive telomere shortening later between weeks 21 and 25 (Po0.0001).
The events observed for LCL2 culture were as follows: There was a decrease in both total and average size of telomeres up to the 12-week time point. Later, the average size of telomeres was maintained, and the total size of telomeric sequences increased at week 18 (P ¼ 0.0210). Finally, there was again a tendency for the number of signals per cell to decrease between weeks 21 and 25.
Discussion
In this study, we have followed two series of ex vivo EBVinfected B cells for 6 months. Specific stages could be identified in the course of both LCL cultures. After 4 Figure 4 Evolution of the number, average intensity and total intensity of telomeric signals detected in individual interphase nuclei before observed telomere dysfunction (4 weeks). Boxplots of 30 individual cells analysed per sample in the first (a) or the second (b) series of Epstein-Barr virus (EBV)-infected cells, as well as in mitogen-induced B cells (c). Squares represent the average of the ratio to the mean value at day 0. Boxes and whiskers represent the 0th, 25th, 50th and 100th percentiles of the cells. Crosses denote outliers. P-values were determined for the probability of identity between the least squares means for the two indicated time points.
EBV infection-mediated genomic instability in B cells S Lacoste et al weeks in culture, there was a high level of genomic instability, mainly structural aberrations that are consistent with telomere dysfunction. There were no signs of telomere shortening before that time point, but TRF2 displacement from telomeres in EBV-infected cells suggested an uncapping problem associated with EBV. gH2AX-and Mre11-positive cells signify DNA damage and DNA damage response after EBV infection. Thus, genomic instability in LCLs is not just a tissue culture event or a result of critically shortened telomeres (Counter et al., 1994) , but seems to be inherently associated with EBV infection. Similar associations between the presence of EBV and the level of genomic instability had already been made in BL cell lines (Kamranvar et al., 2007; Gruhne et al., 2009) . How the virus triggers telomere dysfunction needs to be investigated further. Nonetheless, our data suggest that early after the ex vivo infection of B cells, EBV mediates DNA damage and telomere uncapping rather than telomere shortening.
It is interesting to note that EBV-infected cells showed both telomere fusions and other events implicating telomeric sequences that could reflect aberrant postreplication recombination. It has been shown that homologous recombination proteins are associated with telomeres during the early G2 phases and that they possess the t-loop formation activity, suggesting a possible role of these homologous recombination proteins in recapping telomeres after DNA replication (Verdun et al., 2005; Verdun and Karlseder, 2006) . It is plausible that dysfunction in telomere protection (uncapping) and/or t-loop formation by homologous recombination proteins after replication contributed to the abnormalities observed by us.
Different laboratories have shown that the number of telomeres observed in interphase nuclei is smaller than expected and subject to dynamic organization during the cell cycle (Nagele et al., 2001; Weierich et al., 2003; Chuang et al., 2004; De Vos et al., 2009) . Data from our study support these findings. One difference that we observed between LCLs and mitogen-activated B cells was a very significant increase in telomeric signal intensities within 3 days after mitogen induction, which did not exist in EBV-infected cells (Figure 4c ). This observation is consistent with the previous demonstration of a telomerase reactivation in CD40L and interleukin4-activated B cells, which does not exist for EBV-induced cells (Igarashi and Sakaguchi, 1997; Hu and Insel, 1999; Jung et al., 2001) , and with the fact that mitogen activation of B cells is associated with an increase in telomere size (Weng et al., 1997) . This mechanism is believed to prepare activated B cells for their subsequent clonal expansion.
It has been known for a long time that, although most B cells in contact with the EBV can be infected, few are actually transformed by the virus and that long-term LCL cultures eventually switch from secreting polyclonal to monoclonal immunoglobulin (Nilsson and Ponten, 1975; Rosen et al., 1977; Steel et al., 1977; Kataoka et al., 1997) . Thus, after some time in culture, one clone was selected from the population of EBVinfected cells. Our data show that such a clone was selected between 8 and 12 weeks after infection in both of our cultures (between E16 and 24 PDs as estimated from our culture conditions), which is consistent with the time point (between 17 and 20 PDs) where LCLs were reported to start secreting only one single type of immunoglobulin . How this selection is made is largely unknown. We observed with this study that a high level of genomic instability exists long before the selection of a clone. The 4-week postinfection time point (E8 PDs) is not frequently karyotyped by studies investigating LCLs. Instead, previous studies focused on later time points (Counter et al., 1994; Kataoka et al., 1997; Tahara et al., 1997; Sugimoto et al., 1999; Okubo et al., 2001; Takahashi et al., 2003) . This could be the reason why such levels of structural aberrations were not previously observed. Interestingly, the frequency of metaphases with structural aberration decreased with time, and a large majority of cells after 6 months in culture had a stable karyotype, especially in the LCL2 cell line (Table 2) . Having followed the whole history of the culture before this point, it seems evident that these cells were in fact positively selected. There has been a recent attempt in comparing the genome of cells before and after EBV infection using comparative genomic hybridization, but it failed to show anything specific except for changes in immunoglobulin genes (Jeon et al., 2007) . 
EBV infection-mediated genomic instability in B cells
S Lacoste et al 
EBV infection-mediated genomic instability in B cells S Lacoste et al
Although high levels of genomic instability may account for the death of most EBV-infected cells (and therefore for the massive cell death observed after EBV infection), this level of genomic polyclonality will also help in the evolution of a rare malignant clone.
Several studies have described the existence of telomere shortening in LCLs as measured by Southern blot analysis of the terminal restriction fragments (Counter et al., 1994; Tahara et al., 1997) . The time points we looked at in this study can be estimated to be all o50 PDs. Most of the demonstrations of telomere shortening were observed at later time points (after >100 PDs) Okubo et al., 2001) , but some were seen at time points as early as 11 PDs (Counter et al., 1994) or 5 passages (Mochida et al., 2005) . We measured telomere size by Q-FISH in interphase nuclei and did not see significant telomere shortening in our cultures. The selection of a clone in the culture (12 weeks time point) was accompanied by an increase (LCL1) or stabilization (LCL2) of telomere sizes that lasted up to 21 weeks (5 months) postinfection. This might be attributed to telomerase reactivation in these cells, but the low level of telomere shortening before the selection of the clone argues against the necessity for telomerase reactivation for the said selection. Therefore, a radical increase in telomere size, as observed in LCL1, could be just an indication and not a cause of the clonal selection. Rapid increases in telomere length at early PDs have been observed by others in some LCLs and do not preclude later telomere shortening and crisis stage Tahara et al., 1997) .
Overall, our study shows that there is genomic instability associated with the EBV in early LCLs and that the level of instability decreases with time in culture. Whether this instability is relevant to human malignancies associated with the EBV remains to be investigated.
Materials and methods

EBV infection and culture of LCLs
Peripheral B cells of two healthy EBV-negative blood donors from the blood bank (Karolinska Hospital, Stockholm, Sweden) were isolated from the buffy coat using Dynabeads (Dynal-Invitrogen, Burlington, ON, Canada). The B95.8 EBV strain was used for B-cell infection. EBV-infected cells were grown in RPMI 1640 medium (Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum (Gibco) and 1% penicillin/ streptomycin (Gibco). Cells were maintained in a humidified atmosphere at 37 1C containing 5% CO 2 where half of the cell suspension was replaced with fresh medium twice weekly.
B-cell isolation and mitogen activation
Peripheral B cells of three healthy blood donors were recovered as previously described (Kabore et al., 2006) . AutoMacs technology (Miltenyi Biotech, Auburn, CA, USA) was used to remove T cells, and 1.5 Â 10 6 cells were put in culture on a layer of CD40L þ -L mouse fibroblasts that served as feeder cells (Garrone et al., 1995) after g-irradiation (2500 rad) using a Gamma Cell Irradiator (Model 1000A, Atomic Energy of Canada Ltd, Pinawa, MB, Canada), source: Cs-137, 21.2TBq. B cells were grown in RPMI 1640 medium containing 10% fetal bovine serum, 1% penicillin/streptomycin (Gibco) and 25 ng/ml interleukin-4 (PreproTech Inc., Rocky Hill, NJ, USA). Cells were maintained in a humidified atmosphere at 37 1C containing 5% CO 2 . Half of the culture medium was changed every 2 days, and the feeder cells were replaced every 4 days.
Cell fixation
For Q-FISH, cells were fixed in a way that preserves the shape of 3D nuclei (Chuang et al., 2004; Kim et al., 2004; Caporali et al., 2007) . Briefly, cell pellets were submitted to a hypotonic shock for 10 min in 0.075 M KCl at room temperature. A volume of 1 ml freshly prepared fixative (methanol/acetic acid: 3:1) was then laid on top of the KCl solution and gently inverted. The mix was centrifuged immediately at 200 g, room temperature, for 10 min. Cell pellets were then washed twice in 5 ml of the fixative and stored at À20 1C. For chromosome preparation, cells underwent a hypotonic shock (0.075 M KCl) for 30 min at room temperature, and the pellet was then fixed by the drop fixation method as previously described (Mai and Figure 6 Evolution of the number, average intensity and total intensity of telomeric signals detected in individual interphase nuclei as measured for the time of infection up to 25 weeks after infection. Boxplots of 30 individual nuclei analysed per sample in lymphoblastoid cell line (LCL)1 (a) or LCL2 (b) cultures. Squares represent the average of the values normalized to the mean value at day 0. Boxes and whiskers represent the 0th, 25th, 50th and 100th percentiles of the nuclei. Crosses denote outliers. P-values were determined for the probability of identity between the least squares means for the two indicated time points. Wiener, 2002) and also stored at À20 1C in fixative. No treatment was carried out to increase the proportion of cells in metaphase at any given time point.
SKY
Spectral karyotyping was performed using the ASI kit for human chromosomes (Applied Spectral Imaging, Vista, CA, USA), following the supplier's protocol. Metaphases were imaged with the SpectraCube on an Axioplan 2 microscope using a Â 63/1.4 oil objective (Carl Zeiss Ltd, Toronto, ON, Canada) and the Spectral Imaging 4.5 software (Applied Spectral Imaging). Karyotyping was then performed using HiSKY 5.5 (Applied Spectral Imaging). For each time point, 20 metaphases were analysed.
Fluorescent immunohistochemistry and combined FISH/immunofluorescence
Cells fixed with 3.7% formaldehyde and treated with 0.2% Triton X-100 were incubated either with an anti-gH2AX antibody (Millipore, Billerica, MA, USA) or with an anti-MRE11 (Cell Signaling, Danvers, MA, USA) antibody for 45 min at room temperature; both antibodies were diluted at 1:200. The secondary antibody in both cases was an Alexa 488-labeled goat anti-rabbit antibody (diluted 1:1000; Invitrogen, Carlsbad, CA, USA).
For combined FISH/immunostaining, cells were first incubated with an anti-TRF2 antibody (diluted 1:100; Imgenex, San Diego, CA, USA), post-fixed in 3.7% formaldehyde and then hybridized with a Cy3-labeled telomere-specific PNA probe (DAKO, Glostrup, Denmark) as described (Louis et al., 2005) . Finally, slides were incubated with an Alexa 488-labeled goat anti-mouse antibody (diluted 1:1000; Invitrogen, Carlsbad, CA, USA).
Q-FISH
Three-dimensional fixed cells resuspended in freshly prepared methanol/acetic acid (3:1) fixative were deposited on a glass slide. After evaporation of the fixative, slides were transferred in 3.7% formaldehyde/1 Â phosphate-buffered saline (PBS) for 20 min, washed 3 Â 5 min in 1 Â PBS and then digested for 10 min with 50 mg/ml pepsin (in 0.01 N HCl) at 37 1C. After 3 Â 5 min in PBS, a 10-min post-fixation in 3.7% formalde hyde/1 Â PBS was carried out. The slides were then washed again 3 Â 5 min in PBS. After dehydration with ethanol (Fluka-Sigma Aldrich, St Louis, MO, USA), slides were hybridized with the Cy3-labeled telomere-specific PNA probe (DAKO) and washed as previously published (Chuang et al., 2004; Louis et al., 2005; Caporali et al., 2007) .
3D imaging, image processing and fluorescence quantification Slides hybridized with a telomere-specific probe were counterstained with 0.1 mg/ml 4 0 ,6-diamidino-2-phenylindole and 3D nuclei were imaged as a series 90 z-stacks of 200 nm using an Axioplan 2 microscope and a Â 63/1.4 oil objective. Acquisition was carried out with an AxioCam HR charge-coupled device using AxioVision 4.6 (all Carl Zeiss Ltd). The exposure time was set at 800 ms with a Cy3 filter (Carl Zeiss Ltd). Deconvolution was performed on 30 nuclei per sample using the constrained iterative algorithm available in AxioVision 4.6 (Carl Zeiss Ltd) (strength manually set at the 8th position on a scale of 12). Images were exported as TIFF images and imported into the TeloView software to segment and quantify individual telomeric fluorescent signals in the 3D volume of the nucleus, as previously described . For each individual cell, the number and intensity of individual signals were determined. Subsequently, the total intensity and average intensity of telomeric signals per cell were calculated.
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